Siderophores are essential factors for iron (Fe) acquisition in bacteria during colonization and infection of eukaryotic hosts, which restrain iron access through iron-binding protein, such as lactoferrin and transferrin. The synthesis of siderophores by Escherichia coli is considered to be fully regulated at the transcriptional level by the Fe-responsive transcriptional repressor Fur. Here we characterized two different pathways that promote the production of the siderophore enterobactin via the action of the small RNA RyhB. First, RyhB is required for normal expression of an important enterobactin biosynthesis polycistron, entCEBAH. Second, RyhB directly represses the translation of cysE, which encodes a serine acetyltransferase that uses serine as a substrate for cysteine biosynthesis. Reduction of CysE activity by RyhB allows serine to be used as building blocks for enterobactin synthesis through the nonribosomal peptide synthesis pathway. Thus, RyhB plays an essential role in siderophore production and may modulate bacterial virulence through optimization of siderophore production.
Siderophores are essential factors for iron (Fe) acquisition in bacteria during colonization and infection of eukaryotic hosts, which restrain iron access through iron-binding protein, such as lactoferrin and transferrin. The synthesis of siderophores by Escherichia coli is considered to be fully regulated at the transcriptional level by the Fe-responsive transcriptional repressor Fur. Here we characterized two different pathways that promote the production of the siderophore enterobactin via the action of the small RNA RyhB. First, RyhB is required for normal expression of an important enterobactin biosynthesis polycistron, entCEBAH. Second, RyhB directly represses the translation of cysE, which encodes a serine acetyltransferase that uses serine as a substrate for cysteine biosynthesis. Reduction of CysE activity by RyhB allows serine to be used as building blocks for enterobactin synthesis through the nonribosomal peptide synthesis pathway. Thus, RyhB plays an essential role in siderophore production and may modulate bacterial virulence through optimization of siderophore production.
enterobactin | iron | RyhB | sRNA I n a mammalian host at neutral pH, iron (Fe) is mostly inaccessible to bacteria, because it is either insoluble in its ferric (Fe 3+ ) form or is bound to host proteins such as serum transferrin, which comprise the first line of host defense against bacterial pathogens (1) (2) (3) . Thus, to scavenge extracellular Fe 3+ , many bacteria have developed uptake strategies using high-affinity molecules known as siderophores (4) (5) (6) . Because they are often critical to survival within the host, many siderophores synthesized by pathogenic bacteria are virulence factors (7, 8) .
The archetypal siderophore, called enterobactin, is produced by Escherichia coli, Salmonella enterica, Shigella dysenteriae, and Klebsiella pneumoniae species (5) . Synthesis of enterobactin (see Fig. S1 for synthesis pathway) depends on 2,3-dihydroxybenzoic acid (DHB) and serine, which are assembled together by the nonribosomal peptide synthesis machinery (9) . To synthesize DHB, the primary metabolite shikimate is first converted into chorismate (by AroK, AroA, and AroC), which is then converted into DHB through the action of EntC, EntB, and EntA (10) . The final assembly of DHB and serine into enterobactin depends on the action of EntD, EntB, EntE, and EntF (11) . Once enterobactin has been synthesized, it is transported through the inner membrane by EntS (12) and the outer membrane by TolC (13) . Outside the cell, enterobactin will bind to ferric Fe (Fe 3+ ) with an extremely high affinity (14) . Then, Fe-loaded enterobactin complexes are imported into the cell through the outer membrane receptor FepA protein and the TonB energy transducer system found in the cell envelope (15, 16) .
When bacterial intracellular Fe levels become sufficiently high, transcription of Fe uptake genes is repressed by the Fur (Ferric uptake regulator) protein (17) (18) (19) . Fe-complexed Fur binds to the promoters of a number of genes involved in Fe uptake to repress transcription initiation (20) . In contrast, at low Fe concentrations, Fur becomes inactive, which relieves the repression of genes involved in the biosynthesis, export, and import of siderophores.
Although the Fe 3+ -siderophore import mechanisms are well defined, molecular mechanisms governing siderophore biosynthesis and export are much less characterized (reviewed in refs. 5, 21) . The biosynthesis of catecholate siderophores in E. coli as well as other medically important bacterial species depends on chorismate, a metabolite produced as part of the shikimate pathway (22) . The shikimate pathway is also responsible for synthesis of aromatic amino acids and folic acid, as well as ubiquinone (22) . In bacteria, shikimate can either be synthesized de novo or imported from the extracellular environment through the inner membrane-bound permease ShiA (23) . We recently reported that the activation of ShiA translation depends on the 90-nucleotide small regulatory RNA (sRNA) RyhB (24) . RyhB sRNA is specifically expressed under low Fe conditions through Fur to help the cell adapt to depleted Fe conditions (24) (25) (26) (27) . As RyhB represses about 20 transcripts encoding abundant Fe-using proteins, an increase in free intracellular Fe level, namely Fe sparing, is observed (27, 28) . Remarkably, RyhB also partially regulates fur translation (29) . However, no physiological consequence of this regulation has ever been reported.
Here, we describe the essential role of RyhB sRNA in the normal production of the siderophore enterobactin through posttranscriptional mechanisms. RyhB expression allows normal levels of entCEBAH, which is a critical transcript encoding for part of the siderophore synthesis machinery. In ΔryhB cells, the operon is reduced by a 3-fold factor, which correlates with reduced enterobactin production. In addition, we observed that the gene cysE, encoding the enzyme serine acetyltransferase that uses serine in the first step of the pathway necessary to synthesize cysteine, must be repressed through RyhB action to allow siderophore production. Inactivation of cysE in a ΔryhB background permits recovery of the siderophore production to WT level. The cysE mRNA is the first RyhB target that is not encoding an Feusing protein. With this work, we demonstrate two essential posttranscriptional mechanisms that were unsuspected in the mechanism of siderophore synthesis.
Results
The sRNA RyhB Is Essential for Siderophore Production in Fe-Limited Conditions. The production of siderophores from E. coli K-12 was monitored for WT and ΔryhB cells growing in minimal M63 medium with or without addition of 1 μM FeSO 4 . In absence of Fe, the WT strain produces a considerable amount of siderophores (Fig. 1A, lane 2) , which migrates to the same level as the purified enterobactin control (lane 1). In contrast, we observed a dramatic decrease in siderophore production in the ΔryhB mutant even in the absence of Fe (Fig. 1A, lane 4) . This is unexpected because, to our knowledge, almost every gene involved in siderophore biosynthesis and export is known to be regulated at the promoter level by Fur (30) . These data indicate that even in low Fe conditions, when Fur is inactive, RyhB has a critical role in biosynthesis and/or secretion of siderophores.
Because the expression of siderophore genes is strongly linked to the Fur regulon, we examined the effect of a Δfur mutation in a ΔryhB mutant. Our results indicate that inactivation of fur in a ΔryhB background restores the production of siderophores to a level similar to that of the WT (Fig. 1A, compare lanes 2 and 8) . Nevertheless, the double Δfur ΔryhB mutant produces significantly fewer siderophores than the Δfur mutant (Fig. 1A , compare lanes 6 and 8). This suggests that even in the absence of fur, when siderophore biosynthesis genes are fully derepressed, RyhB expression still enhances the production of enterobactin. These results demonstrate a specific role for RyhB in the production of siderophores. Notably in the conditions we used, the growth curves for all cells were comparable with or without Fe supplementation as determined on a bioscreen (Fig. S2) .
To investigate the role of RyhB in enterobactin production, we quantified the levels of enterobactin siderophores produced from cells growing in increasing amounts of Fe. To do this, we measured siderophores directly from culture supernatants using liquid chromatography coupled with mass spectrometry (LC-MS). The amounts of siderophores produced during growth without Fe (Fig. 1B) are consistent with the data observed by TLC (Fig. 1A  lanes 2, 4, 6 , and 8). When Fe was added at 1 μM in the culture, the WT strain shows reduced siderophore production (Fig. 1B) , which is consistent with the conventional idea that more Fe enables Fur to shut down ent genes. As expected, when RyhB is expressed from a plasmid vector in ΔryhB cells, the production of siderophores becomes similar to that of WT cells (Fig. 1C, pRS-c25 ).
RyhB Is Essential for Intracellular Fe Homeostasis and Fe Sparing
Under Low Fe Conditions. The reduction of siderophores observed in a ΔryhB mutant raises the possibility that, without RyhB, the free intracellular Fe becomes sufficiently elevated to activate the Fur repressor. Thus, we monitored the intracellular concentration of free Fe by using electron-paramagnetic resonance (EPR) on various cells (31 
RyhB Is Required for Normal Expression of Siderophore Synthesis
Genes in Fe-Restricted Medium. As shown in Fig. 2 , the free intracellular Fe is dramatically decreased in a ΔryhB mutant as compared with WT under low Fe growth conditions. This low Fe availability leads one to expect that, in the ΔryhB mutant, the Fur repressor must be inactive and Fur-regulated genes are fully derepressed. This was tested by monitoring the mRNA level of several genes involved in siderophore synthesis (entC, entB, and entA), secretion (entS and tolC), uptake (fepA), and transcriptional regulation (fur). In fact, the results in Fig. 3A clearly indicate that not only entC, entB, and entA genes are not derepressed but they are significantly reduced in the ΔryhB background as compared with WT at OD 600 of 0.9 and 1.2 (ratio ΔryhB/WT <1). In contrast, both entS and tolC mRNAs remained equally expressed whether RyhB is present or not (ratio ΔryhB/ WT ∼1). Although entC, entB, entA, fepA, entS, and fur are Furregulated genes, tolC expression is independent from Fur. Because entS and fur are not affected in these conditions, we cannot conclude that all Fur-regulated genes are repressed in ΔryhB cells. Thus, even if intracellular Fe is low enough to inactivate Fur repression, we nevertheless observe significant repression of many Fur-regulated genes in ΔryhB cells.
The previous results in Figs. 2 and 3A demonstrate that even though intracellular free Fe is low in a ΔryhB mutant, it is not sufficient to induce Fur-regulated genes. This suggests that Fur is still active under low Fe in a ΔryhB mutant. Indeed, RyhB was previously shown to partially repress fur translation (29) . Thus, when growing under Fe starvation we expect Fur protein level to be higher in ΔryhB cells as compared with WT cells. However, as shown in Fig. S3 , a Western blot performed from cells expressing RyhB (WT) or not (ΔryhB) indicates that the Fur protein levels are similar in ΔryhB background as compared with WT. This demonstrates that RyhB does not affect fur translation in WT cells growing under Fe starvation. These data suggest that increased Fe, through the Fe-sparing action of RyhB, plays a key role in activating the expression of enterobactin synthesis genes. We tested this hypothesis by monitoring the effect of Fe on the levels of a number of transcripts in ΔryhB Δfur cells, which should not have any Fe-dependent effectors. As shown in Fig. S4 , the mRNA levels of genes related to enterobactin, namely entCEBAH, entS, and fepA are significantly higher in ΔryhB Δfur cells in the presence of 1 μM FeSO 4 . Thus, when growing under Fe starvation, RyhB-expressing cells will have increased intracellular Fe (Fig. 2 , compare columns 1 and 3), which may contribute to the transcriptional activity or transcript stability of genes involved in synthesis of enterobactin.
The entCEBAH polycistron is required for the synthesis of DHB, which is one of the building blocks for enterobactin synthesis (Fig. S1 ). If entCEBAH expression is reduced in a ΔryhB mutant, then DHB may not be sufficiently synthesized to allow siderophore production. To investigate this, we supplemented DHB in our ΔryhB culture and monitored siderophore synthesis. As shown in Fig. 3B , the addition of 5 μM DHB to WT and ΔryhB cells increases dramatically the production of siderophores specifically in ΔryhB cells. This demonstrates that DHB is limiting in ΔryhB cells, most likely due to reduced expression of siderophore synthesis genes (entCEBAH), as shown in Fig. 3A .
RyhB sRNA Pairs in Vitro with cysE mRNA to Reduce Translation Initiation. Although an explanation for the low entCEBAH expression in ΔryhB cells remains elusive, another role for RyhB in regulation of siderophore synthesis was observed. In addition to DHB, the synthesis of enterobactin depends on the availability of the amino acid serine as a substrate. Serine is added to DHB through the nonribosomal peptide synthesis (9) in the final steps of the synthesis pathway to form enterobactin (Fig. S1 ). By using the bioinformatic tool TargetRNA (32), we observed that the gene cysE, encoding serine acetyltransferase, is a potential mRNA target of RyhB (see pairing in Fig. 4A ). Serine acetyltransferase converts serine to O-acetyl-L-serine as the first step in the synthesis of cysteine. Because serine acetyltransferase (CysE) activity could limit the availability of serine for enterobactin synthesis, we reasoned that, under low Fe conditions, RyhB might reduce cysE expression to retain sufficient serine for enterobactin assembly. To address this, we used in vitro RNase T1 (cleaves unpaired guanines) and TA (cleaves unpaired adenines) and lead acetate (PbAc, cleaves any unpaired residues) assays for RyhB pairing with cysE mRNA. As demonstrated in Fig. 4B , RyhB clearly pairs at the ribosome-binding site of cysE mRNA. This result suggests that RyhB pairing with cysE mRNA inhibits translation initiation. We tested this hypothesis by using in vitro toeprint assays. As shown in Fig. 4C , the presence of RyhB (lane 11) clearly blocks the binding of the 30S ribosome subunit on the cysE mRNA as compared with cysE without RyhB (lane 7). These results strongly suggest that RyhB specifically binds to cysE mRNA to reduce translation initiation.
RyhB Directly Reduces CysE Expression in Vivo. We then monitored the cysE translation activity by using a protein fusion with the lacZ reporter gene in vivo. As shown in Fig. 5A , the expression of the cysE′-′lacZ translational fusion is significantly reduced in the WT background as compared with ΔryhB cells. This demonstrates that RyhB efficiently reduces CysE protein level, and most likely serine acetyltransferase activity. To confirm pairing in vivo, we expressed either RyhB or the mutated RyhB6 construct from an arabinoseinducible vector and monitored the effect on WT cysE′-′lacZ and mutated cysE6′-′lacZ fusions (described in Fig. S5 ). As shown in Fig. 5B , the expression of the RyhB6 affects only the complementary cysE6′-′lacZ construct without affecting the WT cysE′-′lacZ fusion. This demonstrates that RyhB directly represses cysE translation in vivo.
Finally, we monitored by quantitative real-time PCR the cysE mRNA level after a 10-min pulse expression of RyhB. This pulse expression limits the possible indirect effect of expressing a sRNA. As shown in Fig. 5C , the mRNA level of cysE is significantly lower in the presence of the sRNA (pBAD-ryhB) as compared with a strain without RyhB (pNM12) or a control nontarget mRNA such as icd (25) .
Reduced CysE Levels in ΔryhB Cells Favor Siderophore Production.
The previous results indicated that RyhB reduces cysE mRNA and protein levels. This suggests that a high level of CysE is incompatible with siderophore synthesis. To address this, we monitored the siderophore production from a strain carrying the cysE gene and endogenous promoter on a multicopy pBR322-derivative plasmid to overproduce CysE. As shown in Fig. 6A , the level of siderophore production is significantly less (30%) in the strain carrying the multicopy cysE (pFRΔ-cysE) gene as compared with the empty control vector (pFRΔ). We do not expect a full repression of siderophore production because the ryhB gene is present in this background. These data suggest that overexpression of CysE reduces the cell's ability to produce siderophores.
If cysE expression is too high in the ΔryhB cells, then mutating the cysE gene should restore conditions in which siderophores are readily produced. Thus, we monitored siderophore production by a ΔryhB ΔcysE double mutant. As expected, the production of siderophore by a ΔryhB ΔcysE mutant is restored to normal WT levels (Fig. 6B) . This shows the importance of keeping the expression of both RyhB and cysE in balance for normal siderophore production. Because both ΔcysE and ΔryhB ΔcysE cells must be supplemented with cysteine to grow, we monitored the effect of the addition of cysteine (125 μM) on the production of siderophores from WT and ΔryhB cells. As shown in Fig. S6 , there is no significant effect of the addition of cysteine on the production of the siderophore enterobactin and derivatives.
Discussion
For more than 30 y, the transcriptional regulator Fur has been considered as the sole effector in the synthesis of siderophores (17) . We show that posttranscriptional regulation through RyhB sRNA is equally important. RyhB takes part in two distinct pathways, both of which essential for siderophore production.
One of these mechanisms relies on RyhB repression of the serine acetyltransferase CysE (see model in Fig. S7 ), which represents the first RyhB-repressed target mRNA that does not encode for an Fe-using protein. Repression of CysE potentially remodels the amino acids metabolism to increase the serine flux into the siderophore synthesis pathway to the detriment of the cysteine pathway (Figs. S1 and S7) . Indeed, when serine is added to the medium, it partially suppresses the ΔryhB phenotype and stimulates siderophore production (Fig. S6) . Moreover, addition of high levels of cysteine in the medium also increases the siderophore production, probably by negative feedback (33) , which results in reduction of CysE enzyme activity (Fig. S6) .
The down-regulation of cysE transcript by RyhB is clearly not as strong as other target mRNAs (compare cysE mRNA levels with sodB or fumA in Fig. 5C ). Also, although it is repressed by RyhB, the translational cysE'-'lacZ fusion in WT cells is still significantly active as compared with the ΔryhB cells in midlog growth phase (Fig. 5A , OD 600 of 0.3 and 0.6). This suggests that partial cysE repression by RyhB is preferred over classical full repression as observed with sodB and fumA target mRNAs (Fig.  5C ). Because the CysE enzyme is essential for cysteine synthesis in minimal medium, we do not expect full repression of cysE by RyhB. Additionally, because CysE does not encode an Fe-using protein, the RyhB-induced repression may not benefit from rapid full repression (<3-5 min) as observed with other target mRNAs encoding Fe-using proteins such as sodB and fumA (26) . This type of repression prioritization of specific target mRNAs over other targets of the same sRNA reflects the powerful genetic modulation achieved by a sRNA. An unexpected function of RyhB was suggested by our results in Fig. 3 , which indicate that RyhB contributes to normal expression of transcripts involved in siderophores synthesis (entCEBAH) and uptake (fepA). This suggests a second mechanism in which RyhB contributes to siderophore production. Although the precise mechanism is unclear, our data indicate that RyhB-induced intracellular Fe level, namely Fe sparing, is central to this. Because many transcripts are affected independently from their cellular functions, this suggests a general effect of low intracellular Fe on gene expression. To analyze this further, we tested the effect of Fe alone on the double Δfur ΔryhB mutant, which should not have any Fe-dependent effector on mRNA expression or stability. As shown in Fig. S4 , the presence of Fe greatly induces the expression of a number of genes, many of which involved in synthesis (entB and entC), secretion (entS), or uptake (fepA) of enterobactin. This result corroborates our siderophore analysis. Although the double Δfur ΔryhB mutant growing without Fe produces a fair amount of siderophore ( Fig. 1 A, lane 8, and B) , the addition of Fe stimulates by a 2-fold factor the production of siderophore (Fig. 1 A, lane 9,  and B) . These results indicate the essential role of RyhB in increasing intracellular Fe level to improve cellular function.
Indeed, the low intracellular Fe in ΔryhB cells may reduce the activity of Fe-dependent enzymes involved in the shikimatechorismate pathway (Fig. S1) . However, we demonstrate that the activity of Fe-dependent aldolases (34) , encoded by aroFGH, are not affected in our experimental growth conditions without Fe (Fig. S8 ) and remain fully active whether RyhB is present (WT) or not (ΔryhB). It is therefore unlikely that the aldolases are involved in reduced expression of siderophores. Furthermore, despite the reduced intracellular Fe in ΔryhB cells (Fig. 2 , compare WT and ΔryhB without Fe), this shows that not all Fe-dependent enzymes will be affected.
Remarkably, both Fur and RyhB regulate the siderophore production at different levels. Thus, one can question which gene is epistasic to the other in this system. Simply put, the ryhB gene expression depends on Fur, which depends on the Fe level in the medium. Our results, however, suggest that more factors than Fur and RyhB regulate the system. As shown in Fig. 1A , even in the absence of Fur and RyhB (ΔryhB Δfur background), Fe alone is sufficient to affect the system (lanes 8 and 9) . These results add to the interpretation that siderophore production depends on more than just transcription activation in the absence of Fe. Three factors must be taken into account: (i) Fur inactivation, (ii) RyhB expression, and (iii) sufficient free intracellular Fe level (Fe sparing).
The measurements of free intracellular Fe by EPR (Fig. 2 Fig. S3 we did not reproduced previously published data suggesting that RyhB partly represses fur translation (29). We explain this by different experimental procedures used in our analysis (Fe-deprived medium) as compared with the previous analysis (addition of the Fe chelator 2,2′-dipyridyl in the medium).
This paper demonstrates that a single sRNA can act as a global regulator by adjusting simultaneously the cellular gene network and metabolism. Our study shows a unique role for RyhB extending beyond regulation of Fe-storage proteins and now includes modulation of metabolic pathways such as serine catabolism through down-regulation of cysE and modification of transcription of genes involved in enterobactin production (entCEBAH). By adjusting both gene expression and metabolic activity, the sRNA enables the cell to optimize to severe environmental changes. With these results in view, we should expect additional sRNAs conducting similar subtle metabolic adjustments that drive crucial cellular functions.
Materials and Methods
Analysis of Enterobactin Production by TLC. Enterobactin was extracted and visualized according to a previous report (12) . Cells were grown in M63, 0.2% glucose, from a 10-fold or 100-fold dilution of an overnight culture in the same media. Depending on the experiment, 33 μM of DHB or 1 μM of FeSO 4 were added to the media. At an OD 600 of 0.9, 4 mL of culture was pelleted. The supernatant was acidified with 25 μL of 10N HCl and extracted twice with a total of 4 mL of ethyl acetate. Aqueous phases were combined and dried in 874-μL aliquots in a SpeedVac Concentrator (Savant Instruments, SVC100). Extract residues were resuspended in 40 μL of methanol and 10 μL was spotted onto 250-μM layer-flexible (20 × 20 cm) PE SIL G/UV254 plates (Whatman). For some experiments, 25 μL of enterobactin (EMC Microcollections) was spotted as a control onto the plates. Plates were developed with benzene:glacial acetic acid:water (125:72:3 vol/vol/vol) in a closed chamber. Plates were then removed from the chamber and allowed to dry, then immersed briefly in 0.1% FeCl 3 to visualize Fe-binding compounds.
EPR Analysis of Whole Cells. Cells were grown overnight at 37°C in M63 glucose medium, diluted 1:10 into 250 mL of freshly prepared M63 0.2% glucose ±1 μM of FeSO 4 and then grown at 37°C in 1-L baffled flasks with vigorous shaking to an OD 600 of 0.9. Cells were then harvested and prepared for EPR analysis as described in previous studies (28, 35) , with the exception that M63 medium with 0.2% glucose was used in place of LB during the incubation of cells with DTPA and desferrioxamine. Enzymatic and Chemical Probing of RyhB Interaction with cysE mRNA. Enzymatic and chemical probing experiments were performed as described earlier (36) . Briefly, 50 pmol of cysE mRNA (transcribed from a PCR product-oligos EM1056-EM1153) was labeled using T4 polynucleotide kinase (New England Biolabs). Then, 0.1 μM of 5′-end radiolabeled cysE was incubated 15 min at 37°C in the absence or in the presence of 1.6 μM RyhB RNA (transcribed from a PCR product-oligos EM88-EM89). Then, RNase T1 (0.05 U) (Ambion), or RNase TA (0.025 U) (Jena Bioscience), or PbAc (10 mM) (Sigma-Aldrich) were added to the reaction and the incubation continued for 2 min. Reactions were stopped by adding 10 μL of loading buffer II (Ambion). Samples were then separated on a 6% polyacrylamide/7 M urea gel. (1-4) . Strains constructed by P1 transduction were selected for the appropriate antibiotic-resistant marker. Except as otherwise indicated, for cells carrying pFRΔ, pFRΔ-cysE, pNM12, pBAD-ryhB, or pBADryhB6, ampicillin was used at a final concentration of 50 μg mL . Deletion/insertion mutations in cysE (ΔcysE::tet) were constructed by the method described by Yu et al. (1) . Tetracycline resistance cassette was first amplified by PCR from strain EM1053 (oligos EM215-EM216). The PCR fragments obtained were then amplified with oligos containing sequences that are homologous to the 5′ and 3′ ends of the cassettes and sequences homologous cysE (oligos EM1127-EM1128). The resulting PCR product was transformed into EM1237 after induction of λred, according to a previous report (1), selecting for tetracycline resistance for ΔcysE::tet mutation. For the ΔcysE::tet mutant, 4 mM of cysteine was added to LB media for all of the steps following the cassette insertion in EM1237 to complement the cysteine auxotrophy. Recombinant products were verified by sequencing.
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For the construction of cysE′-′lacZ translational fusion, a PCR fragment containing −236 to +71 relative to the cysE start codon (oligos EM1073-EM1074) was digested by EcoRI and BamHI and ligated into EcoRI/BamHI-digested pRS1551. To generate cysE6′-′lacZ, two independent PCR reactions (oligos EM1073-EM1296 and EM1074-EM1295) were performed. The two PCR products were then mixed to serve as the template for a third PCR (EM1073-EM1074). The resulting PCR product was then digested by BamHI and EcoRI and ligated into EcoRI/BamHI-digested pRS1551. The translational fusions were delivered in single copy into the bacterial chromosome at the λ att site as described previously (5) . Stable lysogens were screened for single insertion of recombinant λ by PCR (6). To generate pFRΔ-cysE, region −64 to +822 (oligos EM1058-EM1059) was digested with EcoRI and BamHI and ligated into EcoRI/BamHI-digested pFRΔ. To construct pBAD-ryhB6, the original vector pBAD-ryhB (3) was used as a template for two PCR reactions (oligos EM168-EM1157 and EM169-EM1156). The two products were mixed to serve as the template for a third PCR (oligos EM168-EM169). The resulting PCR product was digested by MscI and EcoRI and inserted into MscI/EcoRI-digested pNM12 (7).
β-Galactosidase Assays. Kinetic assays for β-galactosidase activity were performed as described earlier (8) using a SpectraMax 250 microtitre plate reader (Molecular Devices). Briefly, overnight cultures were diluted 100-fold in fresh M63, 0.2% glucose media with or without 1 μM of FeSO 4 , depending of the experiment, and grown at 37°C. For experiments with pBAD-ryhB and pBADryhB6, overnight cultures were diluted 50-fold in fresh M63-glycerol (0.2%) medium with 50 μg mL −1 ampicillin. Arabinose (final concentration of 0.02%) was then added to the culture at an OD 600 of 0.1 to induce ryhB or ryhB6 expression. β-Galactosidase activity was measured from early to late exponential phase depending on the experiment. Specific β-galactosidase activity was calculated using the formula V max /OD 600 . The results reported represent data of at least three experimental trials.
Quantitative Real-Time PCR Analysis. Overnight cultures of EM1055, EM1238, KP392, or KP393 were diluted 10-fold in fresh M63 media with 0.2% glucose in presence or absence of 1 μM of FeSO 4 and grown at exponential phase at which point total RNA was extracted using the hot phenol procedure (9) . For induction of ryhB with arabinose, overnight cultures of KP112 and KP113 were diluted 1,000-fold in LB medium supplemented with 50 μg mL −1 ampicillin and 0.04% arabinose was added to an OD 600 of 0.5. RNA was extracted 10 min after addition of arabinose. Samples were treated with TURBO DNase (Ambion) and 2.5 μg of treated RNA was used to generate cDNA with SuperScript II reverse transcriptase (Invitrogen). Real-time PCR reactions were performed on a Rotor-Gene 3000 device (Corbett Research). cDNA were diluted 10-fold and reactions were performed in triplicate with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) for fur (oligos EM878-EM879), entC (oligos EM760-EM761), entB (oligos EM802-EM803), entA (oligos EM947-EM948), entS (oligos EM819-EM820), fepA (oligos EM804-EM805), tolC (oligos EM800-EM801), icd (oligos EM263-EM264), cysE (oligos EM872-EM873), sodB (oligos EM321-EM322), and fumA (oligos EM251-EM252). Transcript levels were normalized to those of the 16S rRNA (oligos EM392-EM393). Statistical analysis was performed by one-sample t test using GraphPad Prism (GraphPad software). Differences were considered statistically significant when P values were <0.05.
Western Blot Analysis. Western blot assays were performed as described earlier (4) . Briefly, overnight cultures of EM1055 and EM1238 were diluted 10-fold in fresh M63 0.2% glucose media with or without 1 μM of FeSO 4 and grown at 37°C. Total proteins were then extracted using trichloroacetic acid at the indicated OD 600 . The equivalent volume for 0.025 OD 600 unit of culture was separated on a 15% bis-tris gel and transferred to a nitrocellulose membrane. The anti-Fur (kind gift from Michael L. Vasil, University of Colorado Denver, Aurora, CO) and anti-EF-Tu (kind gift from Michael Maurizi, National Institutes of Health, Bethesda) antibodies were used at dilutions of 1:1,000 and 1:3,000, respectively. The IRDye 800CW-conjugated goat anti-rabbit secondary antibody (LI-COR Biosciences) was used at a dilution of 1:15,000. Signals were visualized with an Odyssey infrared imaging system (LI-COR Biosciences) and quantification was carried out using the Odyssey application software.
Toeprinting Assays. Toeprinting assays were carried out according to a previous report (10) with some modifications. In each condition, annealing mixture contained 2 pmol of unlabeled cysE mRNA (transcribed from a PCR product-oligos EM1056-EM1300) and 0.4 pmol of 5′-end-labeled EM1301 primer in 20 mM Tris-Cl pH 7.5, 50 mM KCl, 0.1 mM EDTA, 1 mM DTT. Annealing mixtures were heated for 1 min at 90°C and chilled on ice for 1 min. MgCl 2 and dNTPs were added to final concentrations of 10 and 1 mM, respectively. For inhibition tests, RyhB or GcvB (transcribed from a PCR product-oligos EM1215-EM1218) was added and the incubation continued for 10 min at 37°C. Two picomoles of 30S ribosomal subunits (purified according to ref. 11) were then added and incubation continued for 5 min. Thirteen picomoles of tRNA fmet (Sigma-Aldrich) was added, and after 15 min, cDNA was synthesized with SuperScript II reverse transcriptase (Invitrogen) for 10 min at 37°C. Reactions were stopped and phenolchloroform extracted. cDNA was ethanol precipitated and subsequently dissolved in H 2 O and loading buffer II (Ambion). cDNA products were analyzed on 6% polyacrylamide/7 M urea gel. Toeprint signals were identified by comparison with sequences generated with the same 5′ end-labeled primer.
Quantification of Enterobactin and Related Molecules from Culture
Supernatants. Strains were grown in M63-glucose (0.2%) medium with appropriate antibiotics and FeSO 4 as indicated. For the experiments with the ΔcysE allele, (strains HS223 and HS226), 125 μM of cysteine was added to the minimal medium to complement the cysteine auxotrophy. Each strain was cultured in triplicate, and a sample of each culture supernatant was analyzed by LC-MS/MS. All of the strains tested demonstrated similar growth curves (Fig.  S2 ). Siderophores were detected by direct analysis of filtered supernatants and quantified as described previously (12) . Multiple reaction monitoring (MRM) analyses were performed using an Agilent HP 1100 HPLC (Agilent) coupled to a QuattroII spectrometer (Micromass). LC-MS analyses of enterobactin and derivatives were performed as described previously (12) . Quantification of siderophores was determined from the response factor of purified enterobactin and corrected with the intensity of the signal of the internal standard. Aliquots of 1 mL of supernatant were prepared in 5% (vol/vol) formic acid, and 0.12 ng/mL of 5,6,7,8-tetradeutero-3,4-dihydroxy-2-heptylquinoline was added as an internal control.
Aldolase Extraction and Activity Assays. Aldolases were assayed according to Doy et al. (13) with some modifications. Growth of cells. Cells were grown in 200 mL of M63 minimal medium (0.2% glucose) without iron from a 10-fold dilution of an overnight culture in the same media. At an OD 600 of 0.9, cells were centrifuged at 4,000 rpm during 10 min at 4°C. Cells were then washed twice with cold 0.9% NaCl and stored overnight at −80°C. Preparation of cell extracts. Cells were thawed on ice and resuspended in two volumes of 0.1 M sodium phosphate buffer (pH 7.0) containing 10 −4 M EDTA and 1 volume of specialized lysing matrix particles. The cells were lysed by FastPrep with the following program; 10 × 30 s shaking, speed 6.5, and 1 min 30 s interval between cycles. The resulting cell extract was centrifuged at 13,000 rpm for 3 min. Then, the supernatant was collected and centrifuged for an additional 8 min.
Assay of DAHP-synthase and assay of DAHP. The method used for assaying DAHP synthase and assaying DAHP formation was performed according to a previous report (13) with the following modifications. The buffer used for the incubation mixture was sodium phosphate (0.1 M, pH 6.4) and BSA was added to give a total protein concentration of 8 mg/mL. EM761  TTCATCGAAGCGGGCGAAACAT  EM800  TGAGCCTTTCTGGGTTCAGTTCGT  EM801  ACCTAGCTGTGGCAGTAATGGACT  EM802  ATGCCCACATTGGCTGTATGACCA  EM803  AAATGCTCGTCACGGCTGAAATCG  EM804  TCCGTTTGTATGGCAACCTCGACA  EM805  TAACCTGCTTCCAGTTCCAGCGAT  EM819  ATCGTTCCTCGCCATTGGTCTGTT  EM820  TCCACAAACCGTTAATCCGCCCTA  EM872  CGCACTGGCAATCTTTCTGCAA  EM873  TTCAATCACCGCCGTTTCACCA  EM878  AATACCGCCCTAAAGAAAGCTGGC  EM879  ATCTTCCGCACTGACGTGATGGTT  EM947  TTGCGACCGAAGTGATGGATGTTG  EM948  AGTCTGCTGCCAGTCCTCTTTACT  EM1056  TGTAATACGACTCACTATAGGACTAGGTCGTGCA  CGCAAGGA  EM1058  CAGTTGAATTCTAACCGAGGAAATTTATCAAGT  EM1059  GCATCGGATCCAGGACATTAGATCCCATCCCCA  EM1073  CAGTTGAATTCCAATACGAAAGAAGTCCGCGAA  EM1074  GCATCGGATCCTCACAGTCCGCCAGCGTTCTGG  EM1127  GCCGGTCATTATCTCATCGTGTGGAGTAAGCAA  TGTCGTGACTCGACATCTTGGTTACCG  EM1128  ACCTGCGCCAATCTTCGCGCCGCGCCCAACTTC  AATATTGCCCAAGAGGGTCATTATATTTCG  EM1153  CGTTCTGGCTTCGGCTTTAAT  EM1156  GAACCTGAAACACAACCATTGCTCACA  EM1157  TGTGAGCAATGGTTGTGTTTCAGGTTC  EM1215  TgTAATACgACTCACTATAggACTTCCTgAg  CCggAACgAAAAg  EM1218  AAAAAAAAgCACCgCAATTAggCg  EM1295  GTGGAGTAAGCAATGGTTGTGGAAGAACTGG  EM1296  CCAGTTCTTCCACAACCATTGCTTACTCCAC  EM1300  TGGCCAGCATTGGCTCACA  EM1301 CCAGCGTTCTGGCTTCGGCTT
